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The neocortex is unique to mammals and its evolutionary origin is still highly debated.
The neocortex is generated by the dorsal pallium ventricular zone, a germinative domain
that in reptiles give rise to the dorsal cortex. Whether this latter allocortical structure
contains homologs of all neocortical cell types it is unclear. Recently we described a
population of DCX+/Tbr1+ cells that is specifically associated with the layer II of higher
order areas of both the neocortex and of the more evolutionary conserved piriform
cortex. In a reptile similar cells are present in the layer II of the olfactory cortex and
the DVR but not in the dorsal cortex. These data are consistent with the proposal that
the reptilian dorsal cortex is homologous only to the deep layers of the neocortex while
the upper layers are a mammalian innovation. Based on our observations we extended
these ideas by hypothesizing that this innovation was obtained by co-opting a lateral
and/or ventral pallium developmental program. Interestingly, an analysis in the Allen brain
atlas revealed a striking similarity in gene expression between neocortical layers II/III
and piriform cortex. We thus propose a model in which the early neocortical column
originated by the superposition of the lateral olfactory and dorsal cortex. This model is
consistent with the fossil record and may account not only for the topological position
of the neocortex, but also for its basic cytoarchitectural and hodological features. This
idea is also consistent with previous hypotheses that the peri-allocortex represents the
more ancient neocortical part. The great advances in deciphering the molecular logic
of the amniote pallium developmental programs will hopefully enable to directly test our
hypotheses in the next future.
Keywords: neocortex evolution, piriform cortex, pallium, upper layers, cell type homology, spatial patterning,
temporal patterning, doublecortin
Introduction
The Neocortex is a pallial structure that is divided in multiple sub-regions and is made by six
layers of distinct neuronal types. Despite more than a century of intense research and speculation,
the evolutionary origin of this brain region is still unclear (Reiner, 2000; Butler et al., 2011;
Aboitiz and Zamorano, 2013; Medina et al., 2013). Early work of Karten identified neuronal
types in the hyperpallium/dorsal cortex and dorsal ventricular ridge (DVR) of sauropsids that
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show patterns of connections similar to neurons of the
mammalian neocortex (Karten, 1969, 2013; Butler, 1994). In
particular the hyperpallium/dorsal cortex has been shown
to receive visual and somatosensory information from
lemno-thalamic nuclei and may thus be homologous to the
visual and somatosensory cortex of mammals, while the DVR
receive collo-thalamic auditory and visual projections and may
be homologous to regions receiving similar projections in the
temporal neocortex (Karten, 1969, 2013; Desan, 1984; Butler,
1994; Butler et al., 2011).
Nonetheless, subsequent work showed that during early
development pallial progenitors of all tetrapods are regionalized
into at least four conserved domains, referred as medial
(MP), dorsal (DP), lateral (LP), and ventral (VP) pallium,
that give rise to distinct radially migrating glutamatergic
neurons (Fernandez et al., 1998; Puelles et al., 2000; Brox
et al., 2004). The neocortex is generated by DP progenitors
that in sauropsids give rise only to the hyperpallium (in
birds) and the dorsal cortex (in reptiles; Figure 1A). By
contrast the DVR is generated by LP and VP progenitors that
in mammals give rise to claustro-amygdalar nuclei together
FIGURE 1 | Development and evolution of dorsal pallial derivatives
in amniotes. (A) Spatial patterning mechanisms subdivide the
embryonic pallial progenitors in at least four domains: Medial pallium
(MP, yellow), dorsal pallium (DP, pink), lateral pallium (LP, violet) and
ventral pallium (VP, cyan). The brain regions produced by each domain
are shown in a mammal (left) and a reptile (right) with the same color
code. (B) Schematic representation of the organization of the cellular
layers and main input and output projections in the neocortex (left) and
in the reptilian dorsal cortex (right). (C) Development of dorsal pallium
glutamatergic neurons in mammals and reptiles. In the neocortex the
same progenitor produces multiple cell types in an inside-out sequence.
In the reptilian dorsal cortex, the dorsal pallium progenitors produce a
reduced number of cells in an outside-in sequence. The migration of
immature neuroblasts is indicated by a dashed red arrows. Please note
that, along with our theory, in (B,C) we used the same color code for
the mammalian DL and reptilian dorsal cortex neurons. Nonetheless, it is
important to note that the precise correspondence between layer II and
III neurons of the dorsal cortex and layer V and VI of the neocortex is
not known. (D) Models of the evolution of the principal neurons of the
neocortex. Each color represent a set of gene modules specifying a
particular neuronal types in the modern neocortex (right). Three different
possibile pattern of expression of these gene modules in cells of the
dorsal cortex of the stem amniote are shown (left). Abbreviations: HIP,
hippocampus; MC, medial cortec; LC, lateral cortex; PC, piriform cortex.
with structurally and functionally conserved regions receiving
olfactory and pheromonal information (olfactory cortex and
cortical/medial amygdala respectively). These studies strongly
suggests that the neocortex is homologous, as a field, only to
the hyperpallium/dorsal cortex while the DVR is homologous
to the amygdala, that also receives auditory and collo-thalamic
visual projections, the claustrum and the entopeduncular nucleus
(Bruce and Neary, 1995; Striedter, 1997; Puelles et al., 2000;
Puelles, 2001; Butler and Molnár, 2002; Bruce, 2007; Medina
et al., 2013).
Organization of Dorsal Pallial Derivatives in
Mammals and Reptiles
It is generally accepted that in the reptilian ancestor of mammals
the medial, dorsal and lateral cortices were laminated but
were made only by three layers, an organization that is also
called allocortex (Figure 1B; Nieuwenhuys, 1994; Reiner, 2000;
Shepherd, 2011; Fournier et al., 2015). In mammals, this type of
cortex is still present in two structurally and functionally well
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conserved regions that border the neocortex: the hippocampus,
a MP derivative, and the piriform cortex, a LP derivative that
receive a direct input from the olfactory bulb. In the allocortex
the more superficial layer I is a plexiform layer where extrinsic
and intrinsic projections meet the apical dendrites of pyramidal
neurons whose cell bodies settle in layers II and III (Haberly,
1990; Ulinsky, 1990). In general, the cellular density is higher in
layer II than in layer III particularly in the piriform/lateral cortex
and the hippocampus. The neocortex shares with allocortex the
basic microcircuits, but it stands out for the higher number
of neurons and layers (Shepherd, 2011; Fournier et al., 2015).
In many respects the neocortex can be described as a double
allocortex, with two couples of pyramidal layers, namely upper
(II,III,IV; UL) and deeper (V,VI, DL), each below a plexiform
layer carrying extrinsic inputs, namely layer I and IV (Figure 1B;
Shepherd, 2011). In primary sensory areas the layer IV is
enriched in stellate cells, a glutamatergic cell type that lack
apical tufts and output projections and is specialized in receiving
thalamic inputs (Sanides, 1969; Jones, 1975). By contrast, most
of the glutamatergic neurons in the other layers possess an
apical dendrite directed to layer I and output connections
emerging at the opposite pole of the cell body (Figure 1B).
The UL neurons axons are mainly involved in cortico-cortical
connectivity and include homotopic and heterotopic callosal
projections to the contralateral hemisphere, while DL neurons
target various subcortical structures (Figure 1B; Shepherd, 2011;
Greig et al., 2013). To understand the evolution of the neocortex
we should thus first disclose the developmental mechanisms that
triggered the multiplication of cellular and plexiform layers. As
expected, comparative studies shows that in respect to reptiles,
the mammalian DP progenitors have an increased proliferation
(Nomura et al., 2013, 2014) that include the appearance of a well
defined layer of intermediate progenitor cells: the SVZ (Martínez-
Cerdeño et al., 2006; Abdel-Mannan et al., 2008; Cheung
et al., 2010). In mammals, this increase in cell proliferation is
accompanied by a distinct pattern of migration of neuroblasts
that passes older cells (n.b. in both piriform cortex and neocortex;
Bayer, 1986) rather than accumulating below them as in reptiles
(Goffinet et al., 1986; Figure 1C). Since cortical neurons are
generally considered to be already committed to a specific cell
type at their birth (Greig et al., 2013; Rouaux and Arlotta, 2013),
a major point to understand the emergence of the neocortex will
be to unravel the evolution of the developmental program set up
by dorsal pallium progenitors and regulating the production of
neocortical glutamatergic neurons.
Models of Transition from a Three to a Six
Layered Cortex
The study of the organization of genes underlying cell identity
suggests that genes sub-serving specific functions can be grouped
into modules whose expression is regulated by a limited number
of transcription factors also called “selector genes” (Arendt, 2008;
Achim and Arendt, 2014). In this model, during development
morphogens regulate patterning by inducing the expression of
the selector genes at specific times and place. Starting from
these considerations, three major mechanisms have been recently
proposed to underlie the evolution of new cell types from a
precursor cell in a given lineage: (1) Divergence of functions, in
which two sister cell types inherit the same gene modules and
gradually modify them with time, (2) Segregation of functions,
in which two sister cell types lose complementary parts of the
gene modules of the former precursor cells. (3) Co-option of
functions, in which the precursor cell co-opts the gene modules
of an unrelated cell type (Arendt, 2008; Achim and Arendt,
2014). It is to note that the term co-option generally refers to
the acquisition of new roles by pre-existing characters (True
and Carroll, 2002). In the specific case of the gene regulatory
networks controlling cell type specification, co-option may occur
for cis- and trans- acting transcriptional regulators at multiple
levels and can thus be involved in all the presented modes of
cell type evolution. Nonetheless, for the co-option of functions
hypothesis these mechanisms should act at the level of selector
genes, thus leading to the ectopic expression of the pre-existent
gene regulatory networks of complex developmental programs.
This latter possibility has been proposed to explain multiple
evolutionary innovations such as the evolution of novel sex
determining genes (Sutton et al., 2011; Takehana et al., 2014) or
the acquisition of a chondrogenic fate in the neural crest lineage
(Meulemans and Bronner-Fraser, 2007; Hall and Gillis, 2013).
The specification of neocortical neurons depends on spatial
patterning events delimiting the DP progenitors (Figure 1A;
see for review Puelles, 2011), followed by temporal patterning
mechanisms that lead these cells to sequentially produce the DL
(first) and UL (last) (Figure 1C; Angevine and Sidman, 1961;
Greig et al., 2013; Gao et al., 2014). When applying the above
mentioned concepts to the evolution of the neocortical neurons,
three main hypotheses can be drawn (Figure 1D): (1) Simple
Expansion: DP progenitors of the reptilian ancestors produced
homologous of both UL and DL neocortical neurons following
the same temporal patterning mechanisms as in the modern
neocortex. In this model the emergence of the neocortex was
driven by changes only in the proliferation of DP progenitors and
migration of their daughter cells. (2) Expansion and Segregation:
gene modules underlying specific functions of UL and DL
were present in a single precursor cell in the ancestral DP
derivatives and became segregated and subsequently refined in
distinct sister cell types. In this case the temporal patterning
of DP progenitors will be a mammalian innovation. (3) Spatial
to Temporal patterning switch: DP progenitors co-opted the
expression of genemodules specifying the neuronal types of other
pallial regions (i.e., MP, VP or LP), thus leading to the appearance
of new cell types in the DP derivatives. The temporal patterning
of neocortical progenitors may thus represent a patchwork of
formerly spatially segregated developmental programs. In this
case part of the neocortical cells may have a sister cell type in a
different pallial domain.
Some evidences against the first two hypotheses were first
presented by Ebner based on hodological considerations (Ebner,
1976). Indeed, reptilian dorsal cortex neurons have projections to
subcortical targets that resemble those of neocortical DL neurons
but lack the extensive network of intracortical connections,
including homotopic contralateral projections, that are typical
Frontiers in Neuroscience | www.frontiersin.org 3 May 2015 | Volume 9 | Article 162
Luzzati Neocortical upper layers evolution
of UL neurons (Ebner, 1976; Desan, 1984; Hoogland and
Vermeulen-Vanderzee, 1989). Thus, Ebner proposed that the
UL neurons may represent an evolutionary novelty. In the
early’90 Anton Reiner extended Ebner hypotheses by showing
that UL specific interneurons are lacking from the reptilian dorsal
cortex (Reiner, 1991, 1993). However, later studies showed that
interneurons are generated in the sub-pallium (Cobos et al., 2001;
Wichterle et al., 2001) and this makes the Reneir’s observations
only indirectly related to the DP progenitors developmental
program. In 2009 we described a specific population of neurons
of the layer II of the neocortex that according with Ebner and
Reiner ideas was absent from the dorsal cortex of LacertaMuralis,
a lizard. However, virtually identical cell types were observed
in the LP and VP derivatives of both lizard and mammals thus
supporting the spatial to temporal patterning switch hypothesis
(Luzzati et al., 2009). The interest about these cells comes from
the fact that (1) they express Tbr1, suggesting a pallial origin,
and (2) morphological and distributive features support that
they represent a specific neuronal population that is shared by
different pallial derivatives and tetrapod species. In the following
sections we will describe and discuss in detail our observations
in the context of more recent data that further support these
hypotheses.
Old Cells in New Layers: The Strange Case
of the DCX+ Cells in the Layer II of
Different Amniote Pallial Derivatives
Doublecortin (DCX) is amicrotubule associated protein involved
in cytoskeletal dynamics during migration and differentiation
of immature neurons (Francis et al., 1999; Gleeson et al., 1999;
Friocourt, 2003). Accordingly, in the adult brain the expression
of DCX is restricted to regions of ongoing neurogenesis (Nacher
et al., 2001; Brown et al., 2003; Couillard-Despres et al., 2005;
Luzzati et al., 2006; Balthazart and Ball, 2014). The only clear
exception to this rule is a population of neurons in the layer
II of the piriform cortex and neocortex (Gómez-Climent et al.,
2008; Luzzati et al., 2009) that are not adult generated but show
a strong and homogeneous DCX immunoreactivity that closely
resembles that of immature neurons. Layer II DCX+ cells occurs
in two main morphological subtypes: Type I cells have small cell
bodies and dendrites confined to layer II, while type II cells have
larger cell bodies and send one or two dendritic branches to layer
I (Luzzati et al., 2009). Electrophysiological analyses in DCX-GFP
mice piriform cortex revealed that type I cells resemble immature
neurons, while most type II cells shows mature features with
large Na+ currents andmultiple action potentials (Klempin et al.,
2011). In both piriform cortex and neocortex type I and II
DCX+ cells express Tbr1 suggesting that they are glutamatergic
neurons derived from pallial germinative zones (Englund et al.,
2005; Hevner et al., 2006; Luzzati et al., 2009). Interestingly the
clear predominance of subpial dendrites over basal dendrites
place type II cells within the population of atypical pyramidal
cells previously defined as “extraverted neurons” (Sanides and
Sanides, 1972). Since the lack of basal dendrites represent an
ancient feature in the evolution of pyramidal cells, extraverted
neurons in the neocortex were originally considered a conserved
cell type. Besides laboratory mice and rats (Nacher et al., 2001;
Luzzati et al., 2009), in which layer II DCX+ cells are scarce and
mostly restricted to the piriform and perirhinal cortices (Nacher
et al., 2001), in all other mammalian species analyzed so far such
as rabbits (Luzzati et al., 2009), guinea pigs (Xiong et al., 2008;
Luzzati et al., 2009), cats (Cai et al., 2009), dogs (De Nevi et al.,
2013), giant african mole rats (Olude et al., 2014), epaulatted fruit
bats (Gatome et al., 2010), reshusmacaques (Cai et al., 2009; Fung
et al., 2011), and humans (Cai et al., 2009), DCX+ cells in layer II
are abundant and widely distributed in both piriform cortex and
neocortex. A detailed analysis of the distribution of these cells
in rabbits and guinea pigs revealed that layer II DCX+ cells are
specifically associated to the network of brain regions connected
to the lateral entorinal cortex (LEC; Figure 2A; Luzzati et al.,
2009). These brain regions, including the rostro-lateral neocortex
and piriform cortex, receive information about local sensory
objects and have been implicated in non-spatial cognition. By
contrast caudo-medial neocortical areas connected to the Medial
EC (MEC) and processing information of both external and
internal stimuli involved in spatial cognition, are mostly negative
for DCX (for anatomical and functional descriptions of LEC
and MEC connections see Burwell and Amaral, 1998a,b; Jones
and Witter, 2007; Knierim et al., 2014). Within LEC connected
networks the DCX+ cells show a strong preferential distribution
in higher order areas such as posterior piriform cortex, secondary
sensory areas, insular, perirhinal cortex and prefrontal cortex
(Figure 2A). Altogether, the similarities in the morphology,
laminar position and preferential distribution in higher order
areas strongly suggests that DCX+ cells of the neocortex and
piriform cortex may represent a common cell type that is shared
by these two regions.
Notably, in the lizard L. Muralis we identified DCX+/Tbr1+
cells morphologically similar to those of mammals in the layer II
of the olfactory cortex and DVR, with a preferential distribution
in higher order areas, but not in the dorsal cortex (Figure 2B).
When compared to the DCX+/Tbr1+ cells in the neocortex, the
general distribution of these cells in the lizard was consistent with
the homologies proposed by Karten (Karten, 1969; Butler et al.,
2011). Indeed, the DVR has been proposed to be homologous
to temporal neocortical areas, such as auditory and secondary
somatosensory and visual cortices, that in mammals show high
numbers of DCX+/Tbr1+ cells. By contrast, the neocortical
regions proposed as homologous of the dorsal cortex, that
include primary somatosensory and visual cortices as well as
the posterior cingulate, retrosplenial, and postrhinal cortices,
are largely devoid of DCX+/Tbr1+ cells. Collectively, these
data strongly support that layer II DCX+/Tbr1+ cells represent
a conserved cell type in amniotes. In addition, although the
sauropsids homologs of mammalian MEC and LEC associated
circuits are still poorly defined (Rattenborg and Martinez-
Gonzalez, 2011; Allen and Fortin, 2013; Abellán et al., 2014), it is
tempting to speculate that non-newly generated DCX+/Tbr1+
cells may be involved in a conserved form of structural plasticity
selectively associated to higher order areas of non-spatial learning
and memory networks in amniotes. At the same time, our
data suggests that the presence of DCX+/Tbr1+ cells in
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FIGURE 2 | Distribution of DCX+/Tbr1+cells in the pallium of
mammals and a lizard. (A) The distribution of layer II DCX+/Tbr1+ cells
either newly generated (yellow) or non-newly generated (red) is shown in a
schematic view of mammalian allocortical and neocortical regions. The
neocortex is schematized according to Sanides in three concentric rings:
peri-allocortex, proisocortex, and isocortex. The isocortex contains the
primary sensory areas from which information flows through a hierarchichal
sequence of areas and reaches either the lateral (LEC) or medial enthorinal
cortex (MEC). Areas connected with LEC and MEC are shown in pink and
turquoise green respectively, feedforward (solid arrows) and feedback
(dashed arrow) pathways are also shown. (B) Schematic coronal sections
showing the distribution of DCX+/Tbr1+ cells in different pallial domains in
mammals (left) and lizard (right). Additional abbreviations: A1, primary
auditory cortex; AC, anterior cingulate cortex; DP, dorsal pallium; IL,
infralimbic cortex; Ins, insular cortex; pPC posterior piriform cortex; aPC;
anterior piriform cortex; PreL, prelimbic cortex; PreS, presubiculum; POR,
postrhinal cortex; Prh, perirhinal cortex; RSP, retrosplenial cortex; SUB,
subiculum. Redrawn from Luzzati et al. (2009).
DP derivatives may represent a mammalian innovation. This
supports the hypothesis of Reiner that the UL are an evolutionary
novelty, but in parallel introduces the possibility that this novelty
has been produced by re-using (or co-opting) pre-existing cell
types. In particular, we propose that in the transition from the
stem-amniote to mammals, DP progenitors instead of exiting
from the cell cycle after the production of the DL neurons
homologs, continued to proliferate by setting up a LP and/or
VP developmental program, giving rise to the UL of the NC.
Thus, the evolution of the neocortex could be attributed to a
spatial to temporal patterning switch involving DP and LP/VP
developmental programs. An interesting aspect of this model is
that it could reconcile the developmental data supporting the
field homology of the primary progenitors, with the striking
similarities existing between neurons of the neocortex and LP
and VP derivatives of sauropsids. Future studies in other reptilian
species will be required to understand if the distribution of
DCX+/Tbr1+ cells in L. Muralis represents the basal reptilian
condition or, as happen in mice, this species simply lack this
feature. An important point will be also to define where and when
these cells are generated in different tetrapod species. Indeed,
previous studies have shown that the VP and LP progenitors
give rise to neurons that tangentially migrate to the neocortex in
mice (Puelles, 2011; Teissier et al., 2012). Most of these VP/LP
derived cells have a transient existence in mice, but we cannot
exclude that in other mammalian species some of these cells may
persist for longer post-natal periods (Teissier et al., 2010, 2012).
Finally, molecular and functional analyses will be necessary to
understand if these cells in different amniote species and pallial
derivatives actually represent sister cell types. Nonetheless, as
we will discuss in the next paragraphs, beside this intriguing
cell population the hypothesis of the co-option of the LP/VP
developmental program is supported also by other anatomical
and developmental data.
Similarity in Gene Expression Between PC
and Neocortical Layers II/III and a
Hypothesis of Their Evolutionary
Relationships
According to our hypothesis, the UL neurons of the neocortex
may have sister cell types in other pallial regions. To gain
insight on this issue and to identify the best candidate regions
whose developmental program may have been co-opted in
the evolution of the UL, we performed an analysis in the in
situ hybridization database of the Mouse Allen Brain Atlas
(Lein et al., 2007). In this analysis we compared the lists
of the first 500 genes that were enriched relative to the
rest of the CNS (contrast structure, gray) in each of the
following regions: neocortical layers II/III, layer IV, layer V/VI,
piriform cortex, subiculum and cortical subplate (claustro-
amygdaloid complex, and endopiriform nucleus; Figure 3,
Supplementary data sheet 1A). Layer II/III is closely related
to layer IV, with 352 co-expressed genes, and relatively well
correlated with layer V/VI, with 250 co-expressed genes (Table 1,
Figure 3, Supplementary data sheet 1B, Supplementary Figure
1). Surprisingly, layers II/III cells also shared about 208 enriched
genes with the piriform cortex (42%; Table 1, Figures 3, 4,
Supplementary Figure 1). The layers V/VI were less related to
Frontiers in Neuroscience | www.frontiersin.org 5 May 2015 | Volume 9 | Article 162
Luzzati Neocortical upper layers evolution
FIGURE 3 | Comparison of gene expression in PC and NC.
Representative coronal sections from the Allen Brain Atlas showing
the expression of few representative genes selectively enriched in
the UL and PC (A–D), in DL and PC (E,F) in DL, UL and PC
(G) or only in DL (H). Please note that CUX2, was not present
in the list of genes enriched in PC relative to the rest of the
gray matter likely because of its relatively widespread expression in
the CNS.
the piriform cortex with only 143 co-expressed genes (29%;
Table 1, Figures 3, 4, Supplementary Figure 1). In addition
only 41 genes were exclusively enriched in piriform cortex and
layers V/VI but not in layers II/III (29% of PC and layer V/VI
common genes). By contrast 106 genes were specifically enriched
only in layer II/III and in piriform cortex but not in layer
V/VI (51% of PC and layer II/III common genes; Figures 3, 4,
Supplementary data sheet 1C). These striking similarities in the
gene expression profile raise the intriguing possibility that the
developmental program that provided the base for the evolution
of the neocortical layers II/III have been that of the olfactory
cortex.
This idea is not new and dates back to the beginning of
twentieth century. Indeed, early neuroanatomist proposed that a
primordium of the neocortex may be found in the superposition
of lateral and dorsal cortex, the so called superpositio lateralis
(Figure 5; Kappers and Theunissen, 1908; Kappers, 1909; De
Lange, 1911; Schepers, 1948). This superposition is observed only
in some species and its extension correlates with the development
of the olfactory system (Ulinsky, 1990). Given that most of
the increased encephalization of the first mammaliaformes was
due to a huge expansion of the olfactory bulbs and olfactory
cortex (Rowe et al., 2011), a substantial development of the
lateral superposition could have been present in these species and
TABLE 1 | Percentage of shared genes among the first 500 genes enriched
in each of the indicated pallial sub-regions.
Percentage of gene co-expression in different pallial regions
PC NC II/III NC IV NC V/VI C. Sub Subic.
PC 42 30 29 37 16
NC II/III 42 70 49 21 16
NC IV 30 70 51 13 11
NC V/VI 29 49 51 20 26
C. Sub 37 21 13 20 38
Subic 16 16 11 26 38
PC, Piriform cortex; NC, Neocortex; C. Sub, Cortical subplate; Subic., Subiculum.
preceded the emergence of the neocortex. In these superpositions
the medial edge of the lateral cortex is located on top of the lateral
edge of the dorsal cortex giving rise to a rudimentary six layered
arrangement (Figure 5A). Indeed, this region have a dense layer
II on top of a sparser layer III that are continuous with the
olfactory cortex and receive a direct projection from the olfactory
bulb (Minelli, 1967; Regidor, 1977; Desan, 1984; Martinez-Garcia
et al., 1991), it posses a parvo-cellular layer IV that receive
thalamic inputs (Bruce and Butler, 1984; Desan, 1984; Desfilis
et al., 2002) and two deep cellular layers (V and VI) that project to
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FIGURE 4 | Comparison of genes shared by piriform cortex and laiers
II/III or V/VI of the neocortex. The pie chart represents the 500 genes
enriched in the piriform cortex. Each sector indicate the number of genes
shared only with layers V/VI (violet), only with layer II/III (red) or with both layer
II/III and V/VI (green). The fraction of genes that are not enriched neither in layer
II/III nor in layer V/VI are in blue.
various subcortical targets (Minelli, 1967; Ebner, 1976; Regidor,
1977; Desan, 1984; Hoogland and Vermeulen-Vanderzee, 1989).
This layer arrangement is closely reminding that of the neocortex
and in particular of the lateral peri-allocortical regions (insular
and perirhinal cortices; Figure 2A) which receive olfactory
information, lacks layer IV and have a dense layer II that is
continuous with the priform cortex (Sanides, 1969; Sanides and
Sanides, 1972; Shipley and Geinisman, 1984; Haberly, 1990).
Previous authors also highlighted the presence of numerous
allocortical features in the peri-allocortical ring, and accordingly
proposed that it represent the more ancestral part of the
neocortex (Abbie, 1940, 1942; Sanides, 1969; Sanides and Sanides,
1972). The cytoarchitectural similarities between the lateral
superposition and the neocortex include also their relationships
with bordering regions. In particular, on the medial side the
deeper layers of the superposition are in continuity with the
non-superposed part of the dorsal cortex while DL of the
neocortex are in continuity with the subiculum. An homology
between the non-superposed part of the dorsal cortex and
the subiculum has been previously proposed (Hoogland and
Vermeulen-Vanderzee, 1989). Moreover, this latter region share
many features with the DL (Ishizuka, 2001) and accordingly
our analyses in the Allen Brain Atlas indicated that it has more
enriched genes in common with layer V/VI than layer II/III (26
and 16%, respectively, Table 1, Supplementary Figure 1).
Another interesting aspects of the hypothesis that the
neocortex derived from the superposition of lateral and dorsal
cortex, is that it may account for some hodological features
that the UL shares with the olfactory cortex but not with the
reptilian dorsal cortex. For instance, the olfactory cortex of
FIGURE 5 | Model for the origin of the neocortex from the
superposition of lateral and dorsal cortex. (A) Schematic view of the
putative organization of the dorso-lateral part of the telencephalon in an early
mammaliaform (pre-mammlian synapsid). In these animals the lateral cortex
(LC, violet) may have expanded over the dorsal cortex (DC, green), and at
some point some radial glial progenitor (dark cells) may have started to
produce both LC and DC cells. Note that since the internal anatomy of these
animals is unknown, this scheme was based on modern macrosmatic reptiles.
Radial glial cells of other brain regions are omitted for clarity. The proposed
homology with neocortical layers is indicated with roman nueral. (B) Tangential
expansion of the progenitors of the proto-neocortical column gave rise to the
establishement of the neocortex. Note that the more lateral part of the
neocortex maintains a direct olfactory input. Abbreviations: H.comm.,
hippocampal commissure; AC, Anterior commissure.
tetrapods possesses homotopic projections to the contralateral
hemisphere passing through the anterior commissure (Zeier and
Karten, 1973; Butler, 1976; Hoogland and Vermeulen-Vanderzee,
1995; Sassoè-Pognetto et al., 1995; Suárez et al., 2014). Inter-
hemispheric projections arising from UL neurons still decussate
exclusively through this commissure in monotreme and
marsupials, and this is generally thought to represent the basal
condition in mammals (Ashwell et al., 1996; Suárez et al., 2014).
Nonetheless, in sauropsids inter-hemispheric connections of DP
and MP derivatives decussate at the nearby pallial/hippocampal
commissure (Butler, 1976; Martinez-Garcia et al., 1990; Atoji
et al., 2002). Thus, our hypothesis may account for the strange
evolutionary history of the inter-hemispheric connections of the
mammalian DP derivatives that at first flipped their direction
and coursed a long lateral trip to decussate with fibers of the
olfactory cortex at the anterior commissure. Only in eutherian
mammals most, but not all, of the neocortical inter-hemispheric
connections turned medially again decussating at the corpus
callosum (Suárez et al., 2014). Another interesting similarity
between the connections of olfactory cortex and UL is that
they are both the source of feed-forward projections that flow
to a series of hierarchical areas progressively defining sensory
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objects and ultimately converging on the LEC (Felleman and Van
Essen, 1991; Haberly, 2001; Gilbert and Sigman, 2007; Wilson
and Sullivan, 2011). In summary, the idea that the six layered
neocortex originated from the superposition of lateral and dorsal
cortex is consistent with the fossil record and may account not
only for the topological position of the neocortex, but also for its
basic cytoarchitecthural and hodological features. Unfortunately
very little is known about the embryonic development of this
putative six-layered primordium in modern reptiles. Guirado
and Davila identified radial glial processes crossing both dorsal
and lateral cortex in the lateral superposition of the lizard
Podarcis Hispanica (Guirado and Dávila, 2002) and we made
similar observations in Golgi stains of Lacerta Sicula (Luzzati
unpublished observation). These authors raised the possibility
that an independent progenitor domain giving rise to neurons
of both dorsal and lateral cortex may actually exist in some
living reptiles. In contrast to this interpretation however, Ulinsky
reported that during development the layer II of the reptilian
dorsal and lateral cortex is a continuous stratum of cells that
is secondarily ruptured during differentiation (Ulinsky, 1990).
Starting from this latter observation, a possible scenario for the
evolution of the neocortex may be that in early mammaliaforms
the homologs of UL andDL cells organized in a proto-neocortical
column that was initially produced by spatially segregated
progenitors. At some point a spatial to temporal patterning
switch, together with the evolution of the inside-out neurogenic
gradient, led to the generation of the proto-neocortical module
from a single population of progenitors (Figure 5A). This crucial
event enabled the tangential expansion of this module providing
the basis for the establishment of the modern neocortex (Rakic,
1995; Lewitus et al., 2014; Figure 5B). According to the growth
rings hypothesis of Sanides, during this tangential expansion the
internal parts of the neocortical island progressively lost their
allocortical features with the addition of stellate cells in layer IV
and a reduction of cell density in layer II (Sanides, 1969; Sanides
and Sanides, 1972). An intriguing aspect of this model is that
it implies that the early neocortex worked as an higher order
association cortex and that primary sensory areas appeared only
subsequently. This latter idea has been also recently proposed
based on functional models of both mammalian and reptilian
allocortices (Fournier et al., 2015).
Several crucial questions remain regarding the emergence of
the inside out-gradient of neurogenesis, the appearance of layer
IV cells and the arrival of the collo-thalamic projections to the
dorsal pallial derivatives.
Genetic and Developmental Data
Supporting a Spatial to Temporal
Patterning Switch in the Evolution of the
Mammalian Neocortex
A hallmark of the evolution of the mammalian neocortex is
the emergence of a SVZ in the DP (Martínez-Cerdeño et al.,
2006; Cheung et al., 2010), and interestingly the intermediate
progenitors (IPc) that populate this germinative layer are mainly
involved in the generation of UL neurons (Tarabykin et al.,
2001; Martínez-Cerdeño et al., 2006; Kowalczyk et al., 2009).
Although, an SVZ is not always evident in sauropsids, studies
in turtle and chick showed that putative IP like cells are present
in late developmental phases of the LP and VP of turtle and
chick (Martínez-Cerdeño et al., 2006; Cheung et al., 2007).
The acquisition by DP progenitors of a character (the IPc)
that pre-existed in LP/VP progenitors is consistent with our
hypothesis. Nonetheless, the IPc step is a common feature in
stem cell systems and it has been described for multiple neuronal
progenitors populations in both vertebrate and invertebrate
brains (Brand and Livesey, 2011). Mammalian DP progenitors
may have independently increased the generation of IP to amplify
neuron production. Future studies defining the role of the SVZ
during pallial development will be necessary to understand the
role of this germinative layer in the emergence of the neocortex.
While deciphering the developmental program set up by pallial
progenitors is a fundamental issue, recent studies also tried to
extend previous inter-species comparisons of pallial neuronal
types with more modern molecular techniques. The comparison
of the chick and mouse transcriptomes of telencephalic regions
with either disputed or undisputed homology (Belgard et al.,
2013) revealed significant similarities for the hippocampus but
failed to identify specific relationships between any other pallial
region. The only exception was a weak correlation between
the neocortical layer IV and a thalamorecipient field of the
nidopallium (a VP derivative). Along with our hypothesis
for the evolution of layer II/III it would be interesting to
evaluate whether the appearance of stellate cells in layer IV
was due to the co-option of the developmental program of the
thalamo-recipient VP cells. Unfortunately the olfactory cortex
was not analyzed in this study, probably because it is highly
reduced in chick. These transcriptomes comparisons supported
the view that DP and VP derivatives underwent dramatic changes
in morphology and function during amniote evolution (Montiel
and Molnár, 2013). At the same time, although such analyses
can make a strong case for homology, negative results are more
difficult to interpret. Huge differences in the transcriptome do
not rule out the occurrence of homologous cell types that greatly
changed their relative proportions or mixed with novel cell
types. This further indicates the importance of defining the
evolutionary history of individual pallial cell types (the so called
cell type homology or deep-homology; Arendt, 2008; Shubin
et al., 2009) to understand the divergence of DP derivatives in
amniotes.
In this perspective, in the last years different authors have
analyzed the pattern of expression of the sauropsid orthologs
of genes expressed in specific neocortical layers (Nomura et al.,
2008, 2013; Dugas-Ford et al., 2012; Suzuki et al., 2012; Chen
et al., 2013; Suzuki and Hirata, 2014). The drawback of this
approach is that the few individual genes that have been analyzed
are expressed by multiple cell types not only in the neocortex
but also in other brain regions (Medina et al., 2013). Moreover,
the layer specificity of some of the markers of upper layer cells
have been disputed (Dugas-Ford et al., 2012). Nonetheless, from
these studies a general pattern emerged in which the orthologs
of DL markers tend to be expressed more medially than those of
the UL. These latter genes are mostly expressed in LP derivatives
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such as the mesopallium/pallial thickening or the olfactory cortex
(Dugas-Ford et al., 2012; Suzuki and Hirata, 2013; Nomura et al.,
2014). Since clonal analyses in chick indicate that pallial neurons
expressing the orthologs of DL and UL markers are produced
by spatially segregated progenitors (Suzuki et al., 2012), these
observations are consistent with the hypothesis that the evolution
of the mammalian neocortex involved a spatial to temporal
patterning switch (Dugas-Ford et al., 2012; Suzuki and Hirata,
2013; Nomura et al., 2014).
Surprisingly, early dorso-medial and dorso-lateral progenitors
of the chick pallium were able to sequentially produce cells
expressing DL and UL markers in vitro (Suzuki et al., 2012).
Caution should be made in the interpretation of these data, first
because the authors did not verified the purity of the explanted
regions and second because the expression of fewmarker is a very
weak evidence that chick and neocortical progenitors generates
the same cell types.
Nonetheless, these results introduce the intriguing possibility
that an intrinsic temporal patterning mechanism specifying
pallio-fugal, thalamo-recipient, and pallio-pallial neuronal types
was present in pallial progenitors of the common ancestor of
all amniotes or even vertebrates. This idea would be consistent
with the fact that temporal patterning of primary progenitors
is a major mechanism for generating neuronal diversity in
Drosophila (Li et al., 2013a,b; Eroglu et al., 2014). At some
point in vertebrate evolution, spatial patterning cues may
have differentially repressed specific parts of this program
along medio-lateral and anterior-posterior axes. The molecular
mechanism that led to the evolution of the six-layered neocortex
could thus be a de-repression of the ancestral developmental
program in DP progenitors or a subpopulation of them. A
similar idea has also been proposed by Luis Puelles to explain
the stratified birth dates of VP derived neurons migrating to the
neocortex (Puelles, 2011): “One wonders whether this implies a
normally repressed, cryptic 6-layer potency existing throughout
the pallium, which is simply de-repressed and thus allowed to
emerge at the neocortex.” Interestingly, the transcription factor
zbtb20 has been recently shown to play a general repressive
activity over the specification of neocortical cell types of both
UL and DL (Nielsen et al., 2014). In the mammalian pallium,
this transcription factor is expressed in MP, LP, and VP but not
DP regions and gain and loss of functions have been shown to
shift the neocortical limit, at least medially (Nielsen et al., 2007,
2014; Rosenthal et al., 2012). Detailed comparative analyses will
be necessary to understand if down-regulation of zbtb20 or other
transcriptional repressors in DP progenitors may have played a
role in the evolution of the neocortex.
In conclusion, our understanding of the genetic logic of cell
type specification in the neocortex and other pallial regions of
amniotes is constantly growing and this will likely enable to test
current theories of the evolution of the mammalian pallium.
These analyses would be greatly helped by the comparison of
the genetic fingerprint of more restricted cell populations and the
layer II DCX+/Tbr1+ cells represent an attractive candidate for
such analyses.
Acknowledgments
I’d like to thank Paolo Peretto for critical readings and comments
to the manuscript and Luis Puelles and Aldo Fasolo for useful
discussions on the initial version of this theory. I would also like
to thank Aldo Fasolo and Maria Fosca Franzoni for the golgi
slides of Lacerta Sicula. This work is dedicated to the memory
of Prof. Aldo Fasolo and Prof. Maria Fosca Franzoni. This work
was supported by Progetti di Ricerca di Interesse Nazionale
(PRIN)-Peretto 2010-2011; and by Luzzati-Ricerca Locale 2013.
Supplementary Material
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnins.
2015.00162/abstract
Supplementary data sheet 1 | Gene expression comparisons between
different pallial regions of the mouse brain. (A) List of the first 500 genes
enriched in neocortical layer II/III, neocortical layer IV, neocortical layer V/VI,
piriform cortex, cortical subplate, and subiculum in respect to the rest of the gray
matter (contrast structure gray). For each gene the fold change in respect to gray
matter calculated by the allen brain atlas is indicated. (B) Percentage of sharing,
number and lists of genes shared by the selected pallial regions. (C) Number and
Lists of genes selectively shared by Piriform cortex (PC) and neocortical layers
V/VI and by PC and neocortical layers II/III. For each gene a manually evaluated
estimate of the level of preferential labeling is indicated by crosses ranging from 0
(low specificity) to 4 (high specificity). A color code is additionally used to indicate
high specificity (yellow) medium to low specificity (pink) or absence of any evident
specificity (blue).
References
Abbie, A. A. (1940). Cortical lamination in the Monotremata. J. Comp. Neurol. 72,
429–467. doi: 10.1002/cne.900720302
Abbie, A. A. (1942). Cortical lamination in a polyprotodont marsupial, Perameles
nasuta. J. Comp. Neurol. 76, 509–536. doi: 10.1002/cne.900760310
Abdel-Mannan, O., Cheung, A. F. P., and Molnár, Z. (2008). Evolution
of cortical neurogenesis. Brain Res. Bull. 75, 398–404. doi:
10.1016/j.brainresbull.2007.10.047
Abellán, A., Desfilis, E., and Medina, L. (2014). Combinatorial expression of
Lef1, Lhx2, Lhx5, Lhx9, Lmo3, Lmo4, and Prox1 helps to identify comparable
subdivisions in the developing hippocampal formation of mouse and chicken.
Front. Neuroanat. 8:59. doi: 10.3389/fnana.2014.00059
Aboitiz, F., and Zamorano, F. (2013). Neural progenitors, patterning and
ecology in neocortical origins. Front. Neuroanat. 7:38. doi: 10.3389/fnana.2013.
00038
Achim, K., and Arendt, D. (2014). Structural evolution of cell types by step-
wise assembly of cellular modules. Curr. Opin. Genet. Dev. 27C, 102–108. doi:
10.1016/j.gde.2014.05.001
Allen, T. A., and Fortin, N. J. (2013). The evolution of episodic memory. Proc. Natl.
Acad. Sci. U.S.A. 110(Suppl), 10379–10386. doi: 10.1073/pnas.1301199110
Angevine, J. B., and Sidman, R. L. (1961). Autoradiographic study of cell migration
during histogenesis of cerebral cortex in the mouse. Nature 192, 766–768. doi:
10.1038/192766b0
Arendt, D. (2008). The evolution of cell types in animals: emerging principles from
molecular studies. Nat. Rev. Genet. 9, 868–882. doi: 10.1038/nrg2416
Frontiers in Neuroscience | www.frontiersin.org 9 May 2015 | Volume 9 | Article 162
Luzzati Neocortical upper layers evolution
Ashwell, K.W.,Marotte, L. R., Li, L., andWaite, P.M. (1996). Anterior commissure
of the wallaby (Macropus eugenii): adult morphology and development.
J. Comp. Neurol. 366, 478–494.
Atoji, Y., Wild, J. M., Yamamoto, Y., and Suzuki, Y. (2002). Intratelencephalic
connections of the hippocampus in pigeons (Columba livia). J. Comp. Neurol.
447, 177–199. doi: 10.1002/cne.10239
Balthazart, J., and Ball, G. F. (2014). Doublecortin is a highly valuable endogenous
marker of adult neurogenesis in canaries. Commentary on VellemaM et al.
(2014): evaluating the predictive value of doublecortin as a marker for adult
neurogenesis in canaries (Serinus canaria). J. Comp. Brain Behav. Evol. 84, 1–4.
doi: 10.1159/000362917
Bayer, S. A. (1986). Neurogenesis in the rat primary olfactory cortex. Int. J. Dev.
Neurosci. 4, 251–271. doi: 10.1016/0736-5748(86)90063-8
Belgard, T. G., Montiel, J. F., Wang, W. Z., García-Moreno, F., Margulies,
E. H., Ponting, C. P., et al. (2013). Adult pallium transcriptomes surprise
in not reflecting predicted homologies across diverse chicken and mouse
pallial sectors. Proc. Natl. Acad. Sci. U.S.A. 110, 13150–13155. doi:
10.1073/pnas.1307444110
Brand, A. H., and Livesey, F. J. (2011). Neural stem cell biology in vertebrates
and invertebrates: more alike than different? Neuron 70, 719–729. doi:
10.1016/j.neuron.2011.05.016
Brown, J. P., Couillard-Després, S., Cooper-Kuhn, C. M., Winkler, J., Aigner, L.,
and Kuhn, H. G. (2003). Transient expression of doublecortin during adult
neurogenesis. J. Comp. Neurol. 467, 1–10. doi: 10.1002/cne.10874
Brox, A., Puelles, L., Ferreiro, B., and Medina, L. (2004). Expression of the genes
Emx1, Tbr1, and Eomes (Tbr2) in the telencephalon of Xenopus laevis confirms
the existence of a ventral pallial division in all tetrapods. J. Comp. Neurol. 474,
562–577. doi: 10.1002/cne.20152
Bruce, L. L. (2007). Evolution of Nervous Systems. Elsevier. doi: 10.1016/B0-12-
370878-8/00130-0
Bruce, L. L., and Butler, A. B. (1984). Telencephalic connections in
lizards. I. Projections to cortex. J. Comp. Neurol. 229, 585–601. doi:
10.1002/cne.902290411
Bruce, L. L., and Neary, T. J. (1995). The limbic system of tetrapods: a comparative
analysis of cortical and amygdalar populations. Brain Behav. Evol. 46, 224–34.
doi: 10.1159/000113276
Burwell, R. D., and Amaral, D. G. (1998a). Cortical afferents of the perirhinal,
postrhinal, and entorhinal cortices of the rat. J. Comp. Neurol. 398, 179–205.
Burwell, R. D., and Amaral, D. G. (1998b). Perirhinal and postrhinal cortices of
the rat: interconnectivity and connections with the entorhinal cortex. J. Comp.
Neurol. 391, 293–321.
Butler, A. B. (1976). Telencephalon of the lizard Gekko gecko (Linnaeus): some
connections of the cortex and dorsal ventricular ridge. Brain Behav. Evol. 13,
396–417. doi: 10.1159/000123824
Butler, A. B. (1994). The evolution of the dorsal pallium in the telencephalon of
amniotes: cladistic analysis and a new hypothesis. Brain Res. Brain Res. Rev. 19,
66–101. doi: 10.1016/0165-0173(94)90004-3
Butler, A. B., and Molnár, Z. (2002). Development and evolution of the
collopallium in amniotes: a new hypothesis of field homology. Brain Res. Bull.
57, 475–479. doi: 10.1002/cne.1195
Butler, A. B., Reiner, A., and Karten, H. J. (2011). Evolution of the amniote pallium
and the origins of mammalian neocortex. Ann. N. Y. Acad. Sci. 1225, 14–27.
doi: 10.1111/j.1749-6632.2011.06006.x
Cai, Y., Xiong, K., Chu, Y., Luo, D.-W., Luo, X.-G., Yuan, X.-Y., Struble, R. G., et al.
(2009). Doublecortin expression in adult cat and primate cerebral cortex relates
to immature neurons that develop into GABAergic subgroups. Exp. Neurol.
216, 342–356. doi: 10.1016/j.expneurol.2008.12.008
Chen, C.-C., Winkler, C. M., Pfenning, A. R., and Jarvis, E. D. (2013).
Molecular profiling of the developing avian telencephalon: regional timing
and brain subdivision continuities. J. Comp. Neurol. 521, 3666–3701. doi:
10.1002/cne.23406
Cheung, A. F. P., Kondo, S., Abdel-Mannan, O., Chodroff, R. A., Sirey, T. M., Bluy,
L. E., et al. (2010). The subventricular zone is the developmental milestone of
a 6-layered neocortex: comparisons in metatherian and eutherian mammals.
Cereb. Cortex 20, 1071–1081. doi: 10.1093/cercor/bhp168
Cheung, A. F. P., Pollen, A. A., Tavare, A., DeProto, J., and Molnár, Z. (2007).
Comparative aspects of cortical neurogenesis in vertebrates. J. Anat. 211,
164–176. doi: 10.1111/j.1469-7580.2007.00769.x
Cobos, I., Puelles, L., and Martínez, S. (2001). The avian telencephalic
subpallium originates inhibitory neurons that invade tangentially the pallium
(dorsal ventricular ridge and cortical areas). Dev. Biol. 239, 30–45. doi:
10.1006/dbio.2001.0422
Couillard-Despres, S., Winner, B., Schaubeck, S., Aigner, R., Vroemen, M.,
Weidner, N., et al. (2005). Doublecortin expression levels in adult brain reflect
neurogenesis. Eur. J. Neurosci. 21, 1–14. doi: 10.1111/j.1460-9568.2004.03813.x
De Lange, S. J. (1911). DasVorderhirn der Reptilien. Folia Neuro-Biol Leitzig 5,
548–597. doi: 10.1002/cne.1195
De Nevi, E., Marco-Salazar, P., Fondevila, D., Blasco, E., Pérez, L., and Pumarola,
M. (2013). Immunohistochemical study of doublecortin and nucleostemin in
canine brain. Eur. J. Histochem. 57:e9. doi: 10.4081/ejh.2013.e9
Desan. (1984). The Organization of the Cerebral Cortex of the Pond
Turtle, Pseudemys Scripta Elegans. Ph.D. thesis. Available online at:
http://www.its.caltech.edu/∼bi250b/2009/papers/Desan_1984.pdf
Desfilis, E., Font, E., Belekhova, M., and Kenigfest, N. (2002). Afferent and
efferent projections of the dorsal anterior thalamic nuclei in the lizard Podarcis
hispanica (Sauria, Lacertidae). Brain Res. Bull. 57, 447–450. doi: 10.1016/S0361-
9230(01)00727-4
Dugas-Ford, J., Rowell, J. J., Ragsdale, C. W. (2012). Cell-type homologies and the
origins of the neocortex. Proc. Natl. Acad. Sci. U.S.A. 109, 16974–16979. doi:
10.1073/pnas.1204773109
Ebner, F. F. (1976). “The forebrain of reptiles and mammals,” in Evolution of Brain
and Behavior in Vertebrates, eds R. B. Masterton, M. E. Bitterman, C. B. G.
Campbell, and N. Hotton (Englewood Cliffs, NJ: Lawrence Erlbaum), 115–167.
Englund, C., Fink, A., Lau, C., Pham, D., Daza, R. A., Bulfone, A., et al. (2005).
Pax6, Tbr2, and Tbr1 are expressed sequentially by radial glia, intermediate
progenitor cells, and postmitotic neurons in developing neocortex. J. Neurosci.
25, 247–251. doi: 10.1523/JNEUROSCI.2899-04.2005
Eroglu, E., Burkard, T. R., Jiang, Y., Saini, N., Homem, C. C. F., Reichert,
H., et al. (2014). SWI/SNF complex prevents lineage reversion and
induces temporal patterning in neural stem cells. Cell 156, 1259–73. doi:
10.1016/j.cell.2014.01.053
Felleman, D. J., and Van Essen, D. C. (1991). Distributed hierarchical processing in
the primate cerebral cortex. Cereb. Cortex 1, 1–47. doi: 10.1002/cne.1195
Fernandez, A. S., Pieau, C., Repérant, J., Boncinelli, E., and Wassef, M. (1998).
Expression of the Emx-1 and Dlx-1 homeobox genes define three molecularly
distinct domains in the telencephalon of mouse, chick, turtle and frog embryos:
implications for the evolution of telencephalic subdivisions in amniotes.
Development 125, 2099–111.
Fournier, J., Müller, C. M., Laurent, G. (2015). Looking for the roots of cortical
sensory computation in three-layered cortices. Curr. Opin. Neurobiol. 31,
119–126. doi: 10.1016/j.conb.2014.09.006
Francis, F., Koulakoff, A., Boucher, D., Chafey, P., Schaar, B., Vinet, M. C.,
et al. (1999). Doublecortin is a developmentally regulated, microtubule-
associated protein expressed in migrating and differentiating neurons. Neuron
23, 247–256. doi: 10.1016/S0896-6273(00)80777-1
Friocourt, G. (2003). Doublecortin functions at the extremities of growing
neuronal processes. Cereb. Cortex 13, 620–626. doi: 10.1093/cercor/13.6.620
Fung, S. J., Joshi, D., Allen, K. M., Sivagnanasundaram, S., Rothmond, D. A.,
Saunders, R., et al. (2011). Developmental patterns of doublecortin expression
and white matter neuron density in the postnatal primate prefrontal cortex and
schizophrenia. PLoS ONE 6:e25194. doi: 10.1371/journal.pone.0025194
Gao, P., Postiglione, M. P., Krieger, T. G., Hernandez, L., Wang, C., Han, Z., et al.
(2014). Deterministic progenitor behavior and unitary production of neurons
in the neocortex. Cell 159, 775–788. doi: 10.1016/j.cell.2014.10.027
Gatome, C. W., Mwangi, D. K., Lipp, H.-P., and Amrein, I. (2010). Hippocampal
neurogenesis and cortical cellular plasticity in Wahlberg’s epauletted fruit
bat: a qualitative and quantitative study. Brain Behav. Evol. 76, 116–127. doi:
10.1159/000320210
Gilbert, C. D., and Sigman, M. (2007). Brain states: top-down influences in sensory
processing. Neuron 54, 677–96. doi: 10.1016/j.neuron.2007.05.019
Gleeson, J. G., Lin, P. T., Flanagan, L. A., andWalsh, C. A. (1999). Doublecortin is a
microtubule-associated protein and is expressed widely by migrating neurons.
Neuron 23, 257–71. doi: 10.1016/S0896-6273(00)80778-3
Goffinet, A. M., Daumerie, C., Langerwerf, B., Pieau, C. (1986). Neurogenesis in
reptilian cortical structures: 3H-thymidine autoradiographic analysis. J. Comp.
Neurol. 243, 106–116. doi: 10.1002/cne.902430109
Frontiers in Neuroscience | www.frontiersin.org 10 May 2015 | Volume 9 | Article 162
Luzzati Neocortical upper layers evolution
Gómez-Climent, M. A., Castillo-Gómez, E., Varea, E., Guirado, R., Blasco-Ibáñez,
J. M., Crespo, C., et al. (2008). A population of prenatally generated cells in the
rat paleocortex maintains an immature neuronal phenotype into adulthood.
Cereb. Cortex 18, 2229–2240. doi: 10.1093/cercor/bhm255
Greig, L. C., Woodworth, M. B., Galazo, M. J., Padmanabhan, H., and
Macklis, J. D. (2013). Molecular logic of neocortical projection neuron
specification, development and diversity. Nat. Rev. Neurosci. 14, 755–769. doi:
10.1038/nrn3586
Guirado, S., and Dávila, J. C. (2002). Thalamo-telencephalic connections: new
insights on the cortical organization in reptiles. Brain Res. Bull. 57, 451–454.
doi: 10.1016/S0361-9230(01)00677-3
Haberly, L. B. (1990). “Comparative aspects of olfactory cortex,” inCerebral Cortex.
Vol 8B: Comparative Structure and Evolution of Cerebral Cortex, eds E. G. Jones
and A. Peters (New York, NY: Plenum), 137–166. doi: 10.1007/978-1-4615-
3824-0_2
Haberly, L. B. (2001). Parallel-distributed processing in olfactory cortex: new
insights from morphological and physiological analysis of neuronal circuitry.
Chem. Senses 26, 551–576. doi: 10.1093/chemse/26.5.551
Hall, B. K., and Gillis, J. A. (2013). Incremental evolution of the neural crest, neural
crest cells and neural crest-derived skeletal tissues. J. Anat. 222, 19–31. doi:
10.1111/j.1469-7580.2012.01495.x
Hevner, R. F., Hodge, R. D., Daza, R. A., Englund, C. (2006). Transcription
factors in glutamatergic neurogenesis: conserved programs in neocortex,
cerebellum, and adult hippocampus. Neurosci. Res. 55, 223–233. doi:
10.1016/j.neures.2006.03.004
Hoogland, P. V., and Vermeulen-Vanderzee, E. (1989). Efferent connections
of the dorsal cortex of the lizard Gekko gecko studied with Phaseolus
vulgaris-leucoagglutinin. J. Comp. Neurol. 285, 289–303. doi: 10.1002/cne.
902850302
Hoogland, P. V., and Vermeulen-Vanderzee, E. (1995). Efferent connections of the
lateral cortex of the lizard Gekko gecko: evidence for separate origins of medial
and lateral pathways from the lateral cortex to the hypothalamus. J. Comp.
Neurol. 352, 469–80. doi: 10.1002/cne.903520311
Ishizuka, N. (2001). Laminar organization of the pyramidal cell layer of the
subiculum in the rat. J. Comp. Neurol. 435, 89–110 doi: 10.1002/cne.1195
Jones, B. F., and Witter, M. P. (2007). Cingulate cortex projections to the
parahippocampal region and hippocampal formation in the rat. Hippocampus
17, 957–76. doi: 10.1002/hipo.20330
Jones, E. G. (1975). Varieties and distribution of non-pyramidal cells in the somatic
sensory cortex of the squirrel monkey. J. Comp. Neurol. 160, 205–67. doi:
10.1002/cne.901600204
Kappers, A. C. U. (1909). The phylogenesis of the paleocortex and archicortex
compared with the evolution of the visual neocortex. Arch. Neurol. 4, 161–272.
Kappers, A. C. U., and Theunissen, W. F., (1908). Die Phylogenese des
Rhinencephalon des Corpus striatum und derVorderhirnkommissuren. Folia
Neurobiol. 1, 173–288. doi: 10.1002/cne.1195
Karten, H. J. (1969). The organization of the avian telencephalon and some
speculations on the phylogeny of the amniote telencephalon. Ann. N. Y. Acad.
Sci. 167, 164–179. doi: 10.1111/j.1749-6632.1969.tb20442.x
Karten, H. J. (2013). Neocortical evolution: neuronal circuits arise independently
of lamination. Curr. Biol. 23, R12–R15. doi: 10.1016/j.cub.2012.
11.013
Klempin, F., Kronenberg, G., Cheung, G., Kettenmann, H., and Kempermann,
G. (2011). Properties of doublecortin-(DCX)-expressing cells in the piriform
cortex compared to the neurogenic dentate gyrus of adult mice. PLoS ONE
6:e25760. doi: 10.1371/journal.pone.0025760
Knierim, J. J., Neunuebel, J. P., and Deshmukh, S. S. (2014). Functional correlates
of the lateral and medial entorhinal cortex: objects, path integration and local-
global reference frames. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369:20130369.
doi: 10.1098/rstb.2013.0369
Kowalczyk, T., Pontious, A., Englund, C., Daza, R. A. M., Bedogni, F., Hodge, R.,
et al. (2009). Intermediate neuronal progenitors (basal progenitors) produce
pyramidal-projection neurons for all layers of cerebral cortex. Cereb. Cortex 19,
2439–50. doi: 10.1093/cercor/bhn260
Lein, E. S., Hawrylycz, M. J., Ao, N., Ayres, M., Bensinger, A., Bernard, A., et al.
(2007). Genome-wide atlas of gene expression in the adult mouse brain. Nature
445, 168–176. doi: 10.1038/nature05453
Lewitus, E., Kelava, I., Kalinka, A. T., Tomancak, P., and Huttner, W. B.
(2014). An adaptive threshold in mammalian neocortical evolution. PLoS Biol.
12:e1002000. doi: 10.1371/journal.pbio.1002000
Li, X., Chen, Z., and Desplan, C. (2013a). Temporal patterning of neural
progenitors in Drosophila. Curr. Top. Dev. Biol. 105, 69–96. doi: 10.1016/B978-
0-12-396968-2.00003-8
Li, X., Erclik, T., Bertet, C., Chen, Z., Voutev, R., Venkatesh, S., et al. (2013b).
Temporal patterning of Drosophila medulla neuroblasts controls neural fates.
Nature 498, 456–462. doi: 10.1038/nature12319
Luzzati, F., Bonfanti, L., Fasolo, A., and Peretto, P. (2009). DCX and PSA-NCAM
expression identifies a population of neurons preferentially distributed in
associative areas of different pallial derivatives and vertebrate species. Cereb.
Cortex 19, 1028–1041. doi: 10.1093/cercor/bhn145
Luzzati, F., De Marchis, S., Fasolo, A., and Peretto, P. (2006). Neurogenesis
in the caudate nucleus of the adult rabbit. J. Neurosci. 26, 609–621. doi:
10.1523/JNEUROSCI.4371-05.2006
Martínez-Cerdeño, V., Noctor, S. C., and Kriegstein, A. R. (2006). The role of
intermediate progenitor cells in the evolutionary expansion of the cerebral
cortex. Cereb. Cortex 16(Suppl. 1), i152–i161. doi: 10.1093/cercor/bhk017
Martinez-Garcia, F., Olucha, F. E., Teruel, V., Lorente,M. J., and Schwerdtfeger,W.
K. (1991). Afferent and efferent connections of the olfactory bulbs in the lizard
Podarcis hispanica. J. Comp. Neurol. 305, 337–47. doi: 10.1002/cne.903050214
Martinez-Garcia, F., Amiguet, M., Schwerdtfeger, W. K., Olucha, F. E., and
Lorente, M. J. (1990). Interhemispheric connections through the pallial
commissures in the brain of Podarcis hispanica and Gallotia stehlinii (Reptilia,
Lacertidae). J. Morphol. 205, 17–31. doi: 10.1002/jmor.1052050104
Medina, L., Abellán, A., and Desfilis, E. (2013). A never-ending search for the
evolutionary origin of the neocortex: rethinking the homology concept. Brain
Behav. Evol. 81, 150–153. doi: 10.1159/000348282
Meulemans, D., and Bronner-Fraser, M. (2007). Insights from amphioxus
into the evolution of vertebrate cartilage. PLoS ONE 2:e787. doi:
10.1371/journal.pone.0000787
Minelli, G. (1967). Considerazioni anatomo-com par"tive sulle corteccie dei Rettili.
Arch. Zool. Ital. 52, 75–88.
Montiel, J. F., and Molnár, Z. (2013). The impact of gene expression analysis on
evolving views of avian brain organization. J. Comp. Neurol. 521, 3604–3613.
doi: 10.1002/cne.23403
Nacher, J., Crespo, C., and McEwen, B. S. (2001). Doublecortin expression in
the adult rat telencephalon. Eur. J. Neurosci. 14, 629–644. doi: 10.1046/j.0953-
816x.2001.01683.x
Nielsen, J. V., Nielsen, F. H., Ismail, R., Noraberg, J., and Jensen, N. A.
(2007). Hippocampus-like corticoneurogenesis induced by two isoforms of
the BTB-zinc finger gene Zbtb20 in mice. Development 134, 1133–1140. doi:
10.1242/dev.000265
Nielsen, J. V., Thomassen, M., Møllgård, K., Noraberg, J., and Jensen, N. A. (2014).
Zbtb20 defines a hippocampal neuronal identity through direct repression of
genes that control projection neuron development in the isocortex. Cereb.
Cortex 24, 1216–29. doi: 10.1093/cercor/bhs400
Nieuwenhuys, R. (1994). The neocortex: an overview of its evolutionary
development, structural organization and synaptology. Anat. Embryol. (Berl)
190, 307–337. doi: 10.1007/BF00187291
Nomura, T., Gotoh, H., and Ono, K. (2013). Changes in the regulation of cortical
neurogenesis contribute to encephalization during amniote brain evolution.
Nat. Commun. 4, 2206. doi: 10.1038/ncomms3206
Nomura, T., Murakami, Y., Gotoh, H., and Ono, K. (2014). Reconstruction
of ancestral brains: exploring the evolutionary process of encephalization in
amniotes. Neurosci. Res. 86C, 25–36. doi: 10.1016/j.neures.2014.03.004
Nomura, T., Takahashi, M., Hara, Y., and Osumi, N. (2008). Patterns
of neurogenesis and amplitude of Reelin expression are essential
for making a mammalian-type cortex. PLoS ONE 3:e1454. doi:
10.1371/journal.pone.0001454
Olude, A. M., Olopade, J. O., and Ihunwo, A. O. (2014). Adult neurogenesis in the
African giant rat (Cricetomysgambianus, waterhouse). Metab. Brain Dis. 29,
857–66. doi: 10.1007/s11011-014-9512-9
Puelles, L. (2001). Thoughts on the development, structure and evolution of the
mammalian and avian telencephalic pallium. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 356, 1583–1598. doi: 10.1098/rstb.2001.0973
Frontiers in Neuroscience | www.frontiersin.org 11 May 2015 | Volume 9 | Article 162
Luzzati Neocortical upper layers evolution
Puelles, L. (2011). Pallio-pallial tangential migrations and growth signaling:
new scenario for cortical evolution? Brain Behav. Evol. 78, 108–127. doi:
10.1159/000327905
Puelles, L., Kuwana, E., Puelles, E., Bulfone, A., Shimamura, K., Keleher, J.,
et al. (2000). Pallial and subpallial derivatives in the embryonic chick and
mouse telencephalon, traced by the expression of the genes Dlx-2, Emx-1,
Nkx-2.1, Pax-6, and Tbr-1. J. Comp. Neurol. 424, 409–438. doi: 10.1002/1096-
9861(20000828)424:3<409::AID-CNE3>3.0.CO;2-7
Rakic, P. (1995). A small step for the cell, a giant leap for mankind: a hypothesis
of neocortical expansion during evolution. Trends Neurosci. 18, 383–388. doi:
10.1016/0166-2236(95)93934-P
Rattenborg, N. C., and Martinez-Gonzalez, D. (2011). A bird-brain
view of episodic memory. Behav. Brain Res. 222, 236–245. doi:
10.1016/j.bbr.2011.03.030
Regidor, G. (1977). Tipología Neuronal y Organización de la Corteza Cerebral de
Lacerta Galloti (Dum. y Bib.): Estudio Con los Métodos de GOLGI. Available
online at: http://mdc.ulpgc.es/cdm/singleitem/collection/MDC/id/1326/rec/1
Reiner, A. (1991). A comparison of neurotransmitter-specific and neuropeptide-
specific neuronal cell types present in the dorsal cortex in turtles with
those present in the isocortex in mammals: implications for the evolution of
isocortex. Brain. Behav. Evol. 38, 53–91. doi: 10.1159/000114379
Reiner, A. (1993). Neurotransmitter organization and connections of turtle cortex:
implications for the evolution of mammalian isocortex. Comp. Biochem.
Physiol. Comp. Physiol. 104, 735–748. doi: 10.1016/0300-9629(93)90149-X
Reiner, A. J. (2000). A hypothesis as to the organization of cerebral cortex in the
common amniote ancestor of modern reptiles and mammals. Novartis Found.
Symp. 228, 83–102. discussion: 102–113. doi: 10.1002/0470846631.ch7
Rosenthal, E. H., Tonchev, A. B., Stoykova, A., and Chowdhury, K. (2012).
Regulation of archicortical arealization by the transcription factor Zbtb20.
Hippocampus 22, 2144–2156. doi: 10.1002/hipo.22035
Rouaux, C., and Arlotta, P. (2013). Direct lineage reprogramming of post-mitotic
callosal neurons into corticofugal neurons in vivo. Nat. Cell Biol. 15, 214–221.
doi: 10.1038/ncb2660
Rowe, T. B., Macrini, T. E., and Luo, Z.-X. (2011). Fossil evidence on origin of the
mammalian brain. Science 332, 955–957. doi: 10.1126/science.1203117
Sanides, F. (1969). Comparative architectonics of the neocortex of mammals and
their evolutionary interpretation. Ann. N. Y. Acad. Sci. 167, 404–423. doi:
10.1111/j.1749-6632.1969.tb20459.x
Sanides, F., and Sanides, D. (1972). The “extraverted neurons” of the
mammalian cerebral cortex. Z. Anat. Entwicklungsgesch. 136, 272–293. doi:
10.1007/BF00522616
Sassoè-Pognetto, M., Artero, C., Mazzi, V., and Franzoni, M. F. (1995).
Connections of the posterior pallium in the crested newt, Triturus carnifex.
Brain Behav. Evol. 45, 195–208. doi: 10.1159/000113550
Schepers, G. W. H. (1948). Evolution of the Forebrain. Cape Town, MaskewMiller.
Shepherd, G. M. (2011). The microcircuit concept applied to cortical
evolution: from three-layer to six-layer cortex. Front. Neuroanat. 5:30.
doi: 10.3389/fnana.2011.00030
Shipley, M. T., and Geinisman, Y. (1984). Anatomical evidence for
convergence of olfactory, gustatory, and visceral afferent pathways in mouse
cerebral cortex. Brain Res. Bull. 12, 221–226. doi: 10.1016/0361-9230(84)
90049-2
Shubin, N., Tabin, C., Carroll, S. (2009). Deep homol- ogy and the origins of
evolutionary novelty. Nature 457, 818–823. doi: 10.1038/nature07891
Striedter, G. F. (1997). The telencephalon of tetrapods in evolution. Brain. Behav.
Evol. 49, 179–213. doi: 10.1159/000112991
Suárez, R., Gobius, I., and Richards, L. J. (2014). Evolution and development
of interhemispheric connections in the vertebrate forebrain. Front. Hum.
Neurosci. 8:497. doi: 10.3389/fnhum.2014.00497
Sutton, E., Hughes, J., White, S., Sekido, R., Tan, J., Arboleda, V., et al. (2011).
Identification of SOX3 as an XX male sex reversal gene in mice and humans.
J. Clin. Invest. 121, 328–341. doi: 10.1172/JCI42580
Suzuki, I. K., and Hirata, T. (2013). Neocortical neurogenesis is not really
“neo”: a new evolutionary model derived from a comparative study of
chick pallial development. Dev. Growth Differ. 55, 173–187. doi: 10.1111/dgd.
12020
Suzuki, I. K., and Hirata, T. (2014). A common developmental plan for neocortical
gene-expressing neurons in the pallium of the domestic chicken Gallus
gallus domesticus and the Chinese softshell turtle Pelodiscus sinensis. Front.
Neuroanat. 8:20. doi: 10.3389/fnana.2014.00020
Suzuki, I. K., Kawasaki, T., Gojobori, T., and Hirata, T. (2012). The temporal
sequence of the mammalian neocortical neurogenetic program drives
mediolateral pattern in the chick pallium. Dev. Cell 22, 863–870. doi:
10.1016/j.devcel.2012.01.004
Takehana, Y., Matsuda, M., Myosho, T., Suster, M. L., Kawakami, K., Shin,-I.
T., et al. (2014). Co-option of Sox3 as the male-determining factor on the
Y chromosome in the fish Oryzias dancena. Nat. Commun. 5, 4157. doi:
10.1038/ncomms5157
Tarabykin, V., Stoykova, A., Usman, N., and Gruss, P. (2001). Cortical upper
layer neurons derive from the subventricular zone as indicated by Svet1 gene
expression. Development 128, 1983–1993.
Teissier, A., Griveau, A., Vigier, L., Piolot, T., Borello, U., and Pierani, A.
(2010). A novel transient glutamatergic population migrating from the pallial-
subpallial boundary contributes to neocortical development. J. Neurosci. 30,
10563–10574. doi: 10.1523/JNEUROSCI.0776-10.2010
Teissier, A., Waclaw, R. R., Griveau, A., Campbell, K., and Pierani, A. (2012).
Tangentially migrating transient glutamatergic neurons control neurogenesis
and maintenance of cerebral cortical progenitor pools. Cereb. Cortex 22,
403–416. doi: 10.1093/cercor/bhr122
True, J. R., and Carroll, S. B. (2002). Gene co-option in physiological
and morphological evolution. Annu. Rev. Cell Dev. Biol. 18, 53–80. doi:
10.1146/annurev.cellbio.18.020402.140619
Ulinsky, P. S. (1990). “The cerebral cortex of reptiles,” in Cerebral Cortex. Vol 8A:
Comparative Structure and Evolution of Cerebral Cortex, eds E. G. Jones and A.
Peters (New York, NY: Plenum), 139–215. doi: 10.1007/978-1-4757-9622-3_5
Wichterle, H., Turnbull, D. H., Nery, S., Fishell, G., and Alvarez-Buylla, A. (2001).
In utero fate mapping reveals distinct migratory pathways and fates of neurons
born in the mammalian basal forebrain. Development 128, 3759–3771.
Wilson, D. A., and Sullivan, R. M. (2011). Cortical processing of odor objects.
Neuron 72, 506–519. doi: 10.1016/j.neuron.2011.10.027
Xiong, K., Luo, D.-W., Patrylo, P. R., Luo, X.-G., Struble, R. G., Clough, R. W.,
et al. (2008). Doublecortin-expressing cells are present in layer II across the
adult guinea pig cerebral cortex: partial colocalization with mature interneuron
markers. Exp. Neurol. 211, 271–282. doi: 10.1016/j.expneurol.2008.02.003
Zeier, H. J., and Karten, H. J. (1973). Connections of the anterior commissure
in the pigeon (Columba livia). J. Comp. Neurol. 150, 201–216. doi:
10.1002/cne.901500207
Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 Luzzati. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.
Frontiers in Neuroscience | www.frontiersin.org 12 May 2015 | Volume 9 | Article 162
